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Abstract The CL3 plaque isolate of Plutella xylostella

multiple nucleopolyhedrovirus (PlxyMNPV-CL3) exhibits

a high degree of genetic similarity with the Autographa

californica MNPV (AcMNPV) but is significantly more

virulent against the diamondback moth, P. xylostella, than

AcMNPV. To identify genetic differences between

PlxyMNPV-CL3 and AcMNPV that may account for the

difference in virulence against P. xylostella, the genome

sequence of the CL3 plaque isolate of PlxyMNPV

was determined and compared to the genome sequence

of AcMNPV isolate C6. The PlxyMNPV genome is

134,417 bp, 523 bp larger than the AcMNPV-C6 genome,

and the nucleotide sequence is almost completely co-linear

with that of AcMNPV-C6. Of the 153 open reading frames

(ORFs) identified in PlxyMNPV, 151 had homologues in

AcMNPV-C6, with a mean amino acid sequence identity of

98.5%. The PlxyMNPV genome possessed two features

previously reported for other variants of AcMNPV: (1) an

extra baculovirus repeated orf (bro) sequence located

between the plxy29/ac30 and sod ORFs, and (2) the dele-

tion of the AcMNPV pnk/pnl polynucleotide kinase/ligase

gene. In addition, an 817 bp insert of unknown origin

located between the fp25K and lef-9 genes was discovered.

This insert contained two small ORFs and was detected in

both tissue culture- and larvae-derived PlxyMNPV DNA

by PCR. Finally, the PlxyMNPV-CL3 ie-2 gene encodes a

product with a low level (37.3%) of amino acid sequence

identity with the AcMNPV-C6 ie-2 product. PlxyMNPV-

CL3 apparently acquired this variant ie2 gene by recom-

bination with an undescribed nucleopolyhedrovirus.
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Introduction

Members of family Baculoviridae are DNA viruses that

infect arthropods, with most baculoviruses described from

the insect order Lepidoptera [1, 2]. Baculoviruses are

further classified as nucleopolyhedroviruses (NPVs) or

granuloviruses (GVs) on the basis of viral occlusion mor-

phology. Baculoviruses infect and kill many species of

lepidopteran pests of agriculture and forestry, as well as

some species of sawflies (Hymentoptera) and mosquitoes

(Diptera). They are harmless to vertebrates and plants, and

have little or no impact on beneficial arthropod populations

[3, 4].

Despite these advantages, baculoviruses have not been

adopted for pest control on a wide-scale basis in the US

and some other industrialized countries where effective

The nucleotide sequence data reported in this paper have been

submitted to the GenBank nucleotide sequence database and have

been assigned the accession numbers DQ457003 (PlxyMNPV-CL3),

DQ482644 (AcMNPV-C6 ac17), DQ482645 (AcMNPV-C6 ac52),

DQ482646 (AcMNPV-C6 ac58/ac59), DQ482647 (AcMNPV-C6

ac106/ac107), DQ482648 (AcMNPV-C6 ac112/ac113), DQ482649

(AcMNPV-C6 odv-e18), DQ482650 (AcMNPV-C6 ac145),

DQ482651 (AcMNPV-C6 arif-1), and DQ482652 (AcMNPV-C6

pep).
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chemical insecticides are readily available. One potential

impediment to the use and commercialization of baculo-

virus-based biopesticides is their narrow host range. A

narrow host range is attractive from an integrated pest

management standpoint. However, the need to produce and

apply multiple baculoviruses in order to effectively control

multiple pests occurring in a cropping system may not be

appealing from an economic standpoint [5]. A greater

understanding of the molecular genetic determinants of

baculovirus host range and virulence may enable

researchers to further exploit the insecticidal potential of

baculoviruses.

The diamondback moth, Plutella xylostella, is a cos-

mopolitan pest of cruciferous crops that has demonstrated

the ability to acquire resistance to every insecticidal com-

pound used intensively against it [6]. Although the

Autographa californica multiple nucleopolyhedrovirus

(AcMNPV) is infectious towards P. xylostella, it exhibits a

relatively low level of virulence towards this species [7, 8].

A nucleopolyhedrovirus previously had been isolated from

infected larvae of P. xylostella [9]. This virus, Plutella

xylostella multiple nucleopolyhedrovirus isolate CL3 (or

PlxyMNPV-CL3), is significantly more virulent against

P. xylostella larvae than both wild-type AcMNPV [9] and

an isolate of AcMNPV selected for enhanced activity

against P. xylostella [10]. Restriction enzyme digest and

Southern blot analysis indicate that PlxyMNPV-CL3 is

genetically very similar to AcMNPV [9, 11].

The comparison of genomes of closely related bacul-

oviruses with differing host range or virulence profiles can

facilitate identification of genes involved in host range or

virulence. Towards this goal, the genomic sequence of

PlxyMNPV-CL3 was determined and compared to that of

AcMNPV-C6.

Materials and methods

Virus and cells

The AcMNPV isolate C6 [12] and PlxyMNPV isolate CL3

[9] were propagated in the Spodoptera frugiperda Sf9 cell

line [13] and titered by plaque assay. Sf9 cells were grown in

TNM-FH medium (SAFC Biosciences) supplemented with

10% fetal bovine serum (Invitrogen), antibiotics (10 U

penicillin, 0.1 mg streptomycin, and 0.25 lg amphotericin

B/mL; Sigma), and 0.1% Pluronic F-68 (SAFC Biosciences).

Viral DNA isolation and cloning

Heliothis virescens IPLB-HvE6s cells [14], which support

replication of PlxyMNPV at high levels, were infected with

PlxyMNPV-CL3 at an approximate multiplicity of infec-

tion (MOI) of 0.5 plaque-forming units (PFU)/cell. Budded

virus (BV) was harvested from the medium of the infected

cultures at 5 days post-infection (p.i.) and pelleted through

a 25% w/w sucrose pad by centrifugation at 103,900 · g

for 75 min.

PlxyMNPV-CL3 DNA was extracted from the BV pellet

by incubation with 10 mM Tris–HCl pH 8.0–10 mM

EDTA pH 8.0–0.25% SDS-500 lg/ml protease K for 3 h

at 37�C. Viral DNA was purified by phenol–chloroform

extraction and ethanol precipitation. The identity of the

viral DNA was confirmed by digestion of DNA with

restriction enzymes, agarose gel electrophoresis, and

comparison of the restriction fragment patterns with pre-

viously published restriction digests for this virus [9, 11].

After re-suspension, PlxyMNPV-CL3 DNA was sheared

with a GeneMachines Hydroshear device (Genomic Solu-

tions) following the manufacturer’s instructions. Fragments

ranging in size from 0.8 to 2 kb were gel-purified and

cloned into pBluescript II KS+ and pCR-Blunt II-TOPO

(Invitrogen) plasmid vectors. After transformation into

competent E. coli JM109 or TOP10 cells, cloned products

were plated on LB-agar plates spread with X-gal. White

colonies from the transformation were picked into 25 ll

10 mM Tris-0.1 mM EDTA-0.5% Triton X-100 and lysed

by incubation at 100�C for 5 min.

PxMNPV-CL3 DNA also was isolated from polyhedra

stocks of the virus that had been maintained exclusively in

larvae [10]. Polyhedra were dissolved as previously

described [15], and occluded virus (OV) was pelleted and

DNA extracted as described above for BV.

DNA sequencing and sequence analysis

Cloned PlxyMNPV-CL3 sequence fragments were ampli-

fied from colony lysates (2 ll/lysate) by polymerase chain

reaction (PCR) with plasmid vector-specific primers

M13F (5¢-TTGTAAAACGACGGCCAGT-3¢) and M13R

(5¢-GGAAACAGCTATGACCATG-3¢). To eliminate ex-

cess primers and deoxynucletides, the resulting PCR

products were precipitated by incubation with an equal

volume of 20% PEG-2.5 M NaCl for 30 min at 37�C. PCR

products were pelleted by centrifugation, and washed twice

with 80% ethanol.

The PCR products were sequenced using nested plasmid

vector-specific primers T7 (5¢-GTAATACGACTCACTA-

TAGGG-3¢) and either T3 (5¢-AATTAACCCTCACTAAA

GGGA-3¢) or SP6 (5¢-GCTATTTAGGTGACACTATAG-

3¢). Reactions were set up using the Applied Biosytems

BigDye Terminator Cycle Sequencing kit with AmpliTaq

DNA polymerase, and electrophoresed on an Applied

Biosystems 3100 DNA sequencer.
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DNA sequence data was compiled and analyzed with the

software of the Lasergene suite (DNASTAR, Inc.). Gaps

and ambiguities in the genome sequence were resolved by

amplifying the corresponding regions of the sequence from

viral DNA by PCR (40 pg DNA/reaction) with custom-

designed primers and sequencing the PCR products. Se-

lected regions of the genome sequence also were amplified

from viral DNA isolated from larval-derived polyhedra and

sequenced.

Open reading frames (ORFs) >50 codons in length that

did not overlap larger ORFs by more than 75 nt were se-

lected for further characterization. Additional ORFs with

homologues in other baculovirus genomes also were

characterized. Predicted amino acid sequence identities

were obtained from the results of protein database searches

using the standard protein-protein BLAST algorithm

(http://www.ncbi.nlm.nih.gov/BLAST/).

Predicted amino acid sequences of selected genes from

group I NPVs [16–23] were aligned by ClustalW [24] using

Gonnet matrices with a gap penalty of either 10 or 15 and a

gap extension penalty of 0.2 or 0.3 for both pairwise and

multiple alignments. Phylogenetic inferences with amino

acid alignments were performed with MEGA version 3.1

[25] using minimum evolution (ME) and maximum parsi-

mony (MP) methods. ME and MP trees were sought by

using a close-neighbor-interchange heuristic search, start-

ing with either one initial neighbor-joining tree ME or 10

initial trees generated by random addition of sequences

MP. For ME trees, Dayhoff matrix distances were esti-

mated with a gamma shape parameter of 2.25. In both

cases, the reliability of the trees was tested with bootstrap

re-sampling using 1,000 replicates. Pairwise nucleotide

sequence alignments were carried out using the Martinez/

Needleman-Wunsch method of MegAlign (DNAStar, Inc.)

with a gap penalty of 1.10 and a gap length penalty of

0.33. Alignment of ie-2 nucleotide sequences was carried

out with the GAP (Needleman-Wunsch) program of the

Accelrys GCG package (version 11.1) with a gap weight of

2.0 and a length weight of 11.0.

Quantitation of viral growth

Sf9 cells were seeded in six-well plates (1 · 106 cells/

well) and infected with AcMNPV-C6 and PlxyMNPV-

CL3 at a MOI of 1 plaque-forming unit (PFU)/cell. Med-

ium was harvested at 24, 48, and 72 hr p. i. from three well/

virus/time point. Polyhedra were purified from cells at

96 hr p. i. (3 wells/virus) following the procedure of

O’Reilly et al. [15]. The titer of budded virus in infected

cell medium was assessed by plaque assay [13], and

polyhedra were counted with a hemocytometer.

Results

Features of the PlxyMNPV-CL3 nucleotide sequence

A complete sequence of the PlxyMNPV-CL3 genome

with 8.6X coverage was obtained. To facilitate comparison

of the PlxyMNPV-CL3 and AcMNPV-C6 sequences, the

first nucleotide position for the PlxyMNPV-CL3 genome

sequence was set to the nucleotide that aligned with

the first nucleotide of the AcMNPV-C6 sequence. The

PlxyMNPV-CL3 genome was 134,417 bp in length,

523 bp larger than the AcMNPV-C6 genome, with a G+C

content of 40.7%, which is identical to that of AcMNPV.

The overall nucleotide sequence identity between

PlxyMNPV-CL3 and AcMNPV-C6 was approximately

98.6%. The PlxyMNPV-CL3 sequence was almost com-

pletely co-linear with the AcMNPV-C6 sequence (Fig. 1,

Table 1). one hundred fifty-three ORFs that equal or

exceed 50 codons in length, have minimal (<75 bp) overlap

with larger ORFs, or share significant sequence identity

with previously characterized ORFs from other baculovirus

genomes were identified in the PlxyMNPV-CL3 genome

(Table 1). Of these ORFs, 151 have homologues in the

AcMNPV-C6 genome. (Fig. 1, Table 1).

The high degree of nucleotide and amino acid sequence

identity and the conservation of ORF content strongly

indicated that PlxyMNPV-CL3 is a variant of AcMNPV. To

confirm this relationship, phylogenetic trees were inferred

from the concatenated partial amino acid sequences of

polyhedrin and late expression factors 8 and 9 (lef-8, and

lef-9) for PlxyMNPV-CL3 and a selection of other group I

NPVs [16–21]. By this analysis, PlxyMNPV-CL3 grouped

within a clade containing several isolates of AcMNPV (data

not shown). PlxyMNPV-CL3 originally was plaque-puri-

fied from a granulovirus (GV) sample isolated from infected

P. xylostella larvae [9]. Assuming that this virus is not a

laboratory contaminant of the P. xylostella granulovirus

sample, it is not likely to be derived from the same stock,

population, or geographic area as the original isolate of

AcMNPV described by Vail et al. [26].

Homologous regions and promoter motifs

Homologous repeat regions (hrs) are repeated sequences

found in most baculovirus genomes that function as enh-

ancers of gene expression and origins of DNA replication

[27]. The PlxyMNPV-CL3 genome contained nine hrs

consisting of the same 30 bp imperfect palindrome repeats

found in AcMNPV hrs. The PlxyMNPV hrs occupied the

same positions on the genome with respect to surrounding

ORFs as the AcMNPV hrs (Fig. 1) and were numbered in

the same order as the AcMNPV hrs. The number and

Virus Genes (2007) 35:857–873 859
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spacing of the palindrome repeats for some of the hrs

differed between the two viruses (Table 1). A similar

pattern of repeat sequence deletion and duplication has

been observed upon comparison of the hrs of other closely

related baculoviruses [21, 28–30].

A comparison of promoter motifs associated with

PlxyMNPV-CL3 and AcMNPV-C6 homologous ORFs

revealed differences in the presence of early and late pro-

moter motifs for eight ORFs. PlxyMNPV ORFs plxy36,

plxy57, lef-9, hcf-1, and plxy85 contained initiator sites

within 120 bp of the start codon that were preceded by

TATA boxes (Table 1), while the AcMNPV homologues

of these ORFs lacked these motifs. The early promoter

motif CGTGC was present upstream of PlxyMNPV ctl and

plxy29, but absent from the corresponding AcMNPV

ORFs. Finally, plxy29 and plxy48 upstream regions con-

tained the late promoter motif (A/T/G)TAAG, while the

AcMNPV homologues for these ORFs did not.

ORF content and relatedness

Of the 151 ORFs that AcMNPV-C6 and PlxyMNPV-CL3

have in common, the average sequence identity for the

predicted amino acid sequences is 98.5%, with 51 ORFs

sharing 100% sequence identity and an additional 94 ORFs

sharing >95% sequence identity (Fig. 1, Table 1). Of the
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Fig. 1 Map of the ORFs and

other features of the

PlxyMNPV-CL3 genome. ORFs

are represented by arrows, with

the position and direction of the

arrow indicating ORF position

and orientation. The number of

each ORF is displayed, with the

name of the ORF following a

colon. Homologous repeat

regions (hrs) are represented by

hatched boxes, and the 817 bp

insertion sequence (IS) is

represented by a cross-hatched

box. The shading of the ORFs

indicates the degree of predicted

amino acid sequence similarity

to AcMNPV homologues. The

bro-a homologue (ORF 30), for

which an AcMNPV homologue

does not exist, is indicated by a
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remaining six ORFs, plxy2(bro-d), plxy33 (hisP), plxy84,

plxy85, and plxy90 have amino sequence identities of

94.6%, 92.9%, 91.5%, 84.9%, and 75.9% with their cor-

responding AcMNPV-C6 homologues. The plxy85 ORF

and homologues in AcMNPV-C6 and RoMNPV-R1

shared significant amino acid sequence identity (50% over

a 34-amino acid range) with a Hyposoter didymator

ichovirus ORF encoding a 11.8 kDa product of unknown

function [31] and a similar ORF from Hyposoter fugiti-

vusichnovirus (data not shown). Alignment of plxy85

and plxy90 homologues from AcMNPV-C6, PlxyMNPV-

CL3, and RoMNPV-R1 revealed a significantly stronger

degree of sequence conservation between the AcMNPV

and RoMNPV ORFs than between the AcMNPV and

PlxyMNPV ORFs, even though the average amino acid

sequence identity between AcMNPV and RoMNPV

homologous ORFs overall (95.4 ± 6.02%) is lower than

that between AcMNPV and PlxyMNPV ORFs (98.5 ±

5.6%).

The PlxyMNPV-CL3 genome had two features previ-

ously reported for other AcMNPV variants [32]: (1) an

extra baculovirus repeated ORF (bro) that is a homologue

of Bombyx mori NPV (BmNPV) bro-a, and (2) the deletion

of a large portion of ac86 (pnk/pnl; Table 1). The addi-

tional bro sequence in PlxyMNPV-CL3 occurred between

sod and ac30/plxy29, next to hr2, and in the same position

where bro-a is found in BmNPV (Table 1). This bro se-

quence shared 83.1% amino acid sequence identity with

BmNPV bro-a and 99.7% amino acid sequence identity

with a bro found in the corresponding location of an

AcMNPV variant isolated from Spodoptera litura larvae

[32]. Homologues of the bro ORF are present in multiple

copies in the genomes of baculoviruses and other insect

viruses, as well as bacteriophages and bacterial transposons

[33]. The BRO proteins of BmNPV are associated with

nucleoprotein complexes, bind nucleic acids [34], and

may be required for viral replication in some circumstances

[33, 35]. AcMNPV only has one bro, while RoMNPV has

none [21].

The ac86 ORF deletion occurred in a region adjacent to

hr3 that is highly variable among group I NPVs [22]. The

ac86 ORF encodes a product with sequence similarity to

two separate phage T4 enzymes, an ATP-dependent RNA

ligase and a polynucleotide 5¢-kinase/3¢-phosphatase. The

protein encoded by ac86 has been shown to have adenyl-

yltransferase, RNA ligase, polynucleotide kinase, and

polynucleotide phosphatase activities [36]. However, pnk/

pnl is dispensable for viral replication [37]. A naturally

occurring variant of AcMNPV, isolate 1.2, also bears a

deletion within ac86 [37]. Comparison of the ac86 region

of AcMNPV-1.2 with PlxyMNPV-CL3 revealed that the

deletion endpoints are conserved in these two viruses. The

overall nucleotide sequence identity in this region was alsoT
a
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higher between AcMNPV-1.2 and PlxyMNPV-CL3 (98%)

than between AcMNPV-C6 and PlxyMNPV-CL3 (93.1%).

In contrast, RoMNPV-R1 has an intact ac86 ORF and

shares 99.8% nucleotide sequence identity with AcMNPV-

C6 in this region.

A number of PlxyMNPV ORFs exhibited a high degree

of sequence similarity with their AcMNPV homologues,

but differed significantly in terms of ORF length or struc-

ture. As reported for RoMNPV-R1 [21], the PlxyMNPV-

CL3 homologues of four pairs of adjacent AcMNPV ORFs

(ac20/ac21, ac58/ac59, ac106/ac107, and ac112/ac113)

were fused together into single ORFs (plxy20, plxy59,

plxy104, and plxy109, respectively). Re-sequencing of these

regions in AcMNPV-C6 previously had found that these

ORFs are also fused in the stock of AcMNPV-C6 used in

this study [21]. Five PlxyMNPV ORFs (plxy17, plxy52,

pp34, odv-e18, and plxy141) were longer than the homol-

ogous AcMNPV ORFs and matched the ORF lengths

reported for RoMNPV-R1 homologues [21]. These ORFs

previously had been amplified and re-sequenced from

AcMNPV-C6 [21] and found to differ from the lengths

reported by Ayres et al. (1994) [17] and match the sizes of

the corresponding RoMNPV-R1 homologues. The plxy12,

plxy16, and plxy135a ORFs contained substitutions and

deletions that significantly lengthened or shortened

the ORFs compared to their homologues in AcMNPV

(Table 1). The plxy135a ORF almost completely over-

lapped a separate 61-codon ORF (nt 123167 fi 123349)

that is identical to ac140. In the PlxyMNPV sequence

corresponding to ac97, an 11-nt deletion led to a truncation

of the ORF to 45 codons. As a consequence, an ac97

homologue for PlxyMNPV was not listed in Table 1. The

plxy16 ORF was truncated by 150 codons relative to its

AcMNPV homologue, ac16, due to a C to T mutation that

changed a glutamine codon (CAG) to a stop codon (TAG).

There are two small ORFs of 77 and 68 codons, ranging

from nt 13086 ‹ 13316 and nt 13421 ‹ 13624 of the

PlxyMNPV sequence, that would have been contained

within an untruncated ac16 homologous ORF. The pre-

dicted amino acid sequences of these ORFs did not match

any other baculovirus ORFs or exhibit similarity to other

sequences. The AcMNPV homologue of plxy16 encodes

BV/ODV-E26, a virion envelope protein that has been de-

tected in complexes containing the FP25K protein and

either cellular actin [38] or the ODV-E66 inner nuclear

membrane targeting signal [39–41]. Insertional inactivation

of AcMNPVbv/odv-e26 has no detectable effect on infec-

tion and replication in cell lines and larvae of S. frugiperda

or Trichoplusia ni [42]. Sequencing of the plxy16 ORF

amplified from larval stocks of virus confirmed that plxy16

also was truncated in PlyxMNPV-CL3 that had been

maintained in larvae.

PlxyMNPV-CL3 contains a variant form of ie-2

The nucleopolyhedrovirus ie-2 gene is expressed early

during infection and encodes a transcriptional regulator

involved in stimulating transcription from baculovirus

early gene promoters [43–45]. IE-2 also augments viral

hr-mediated DNA replication and late promoter activation

in transient assays [46, 47] and causes cell-cycle arrest in

cultured lepidopteran cells [48]. The IE-2 proteins of

AcMNPV and BmNPV localize to foci in the nucleus of

transfected and virus-infected cells. At various times post-

infection, IE-2 can be found at centers of viral DNA rep-

lication and also at a distinct class of nuclear domain

known as promyelocytic leukaemia (PML) protein bodies

that are adjacent to replication sites [49, 50].

In sharp contrast with other PlxyMNPV genes, the

PlxyMNPV-CL3 ie-2 amino acid sequence only shared

37% identity with the AcMNPV ie-2 sequence. Even

though the degree of amino acid sequence conservation

was low, the closest matches to PlxyMNPV-CL3 IE-2 in a

BLAST search were with the AcMNPV and RoMNPV

IE-2 sequences. Serine-rich and proline/glutamine-rich

domains involved in activation of a subset of baculovirus

early promoters by AcMNPV IE-2 [51] were poorly

conserved in the PlyxMNPV-CL3 sequence (Fig. 2A). A

glutamate-rich region ranging from residues 167 to 180

aligned with an acidic domain required for transactivation.

A RING finger domain required for cell cycle arrest, E3

ubiquitin ligase activity, and nuclear focus association

[48, 50, 52] was strongly conserved in the PlxyMNPV-

CL3 IE-2 sequence and among NPV IE-2 sequences in

general. There was also significant sequence conservation

within a predicted coiled-coil region (coiled-coil-II) in-

volved in self-interaction and association with nuclear foci

[50, 53]. Phylogenetic inference of IE-2 amino acid se-

quence relationships placed the PlxyMNPV-CL3 sequence

within clade Ia of the group I NPVs, but the branch lengths

indicated that PlxyMNPV-CL3 IE-2 was only distantly

related to the IE-2 sequences of AcMNPV, RoMNPV, and

BmNPV (Fig. 2B).

Alignment of the PlxyMNPV-CL3 and AcMNPV-C6

ie-2 regions revealed a low degree of nucleotide sequence

identity in an area encompassing the ie-2 ORF, with many

gaps inserted to achieve an optimal alignment (Fig. 3). A

CAGT initiator (cap) site and a TATA box present

upstream of the AcMNPV ie-2 ORF were conserved in the

PlxyMNPV-CL3 gene. The PlyxMNPV-CL3 nucleotide

sequences flanking the ie-2 gene showed the high degree of

identity with the AcMNPV sequence present in the rest of

the genome. This variant form of ie-2 also was present in

PlxyMNPV-CL3 DNA isolated from stocks maintained in

larvae.
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PlxyMNPV-CL3 carries an insert between fp25k

and lef-9

Examination of the aligned PlxyMNPV-CL3 and

AcMNPV-C6 genomes revealed the presence of an 817 bp

sequence lying between the fp25k and lef-9 genes in

PlxyMNPV-CL3 (Fig. 4). This sequence is not present in

the AcMNPV-C6 genome. The 817 bp insert does not

contain terminal inverted or direct repeats and is not

flanked by a repeated viral ‘‘target’’ sequence, as has been

reported previously for host transposable element inserts in

baculovirus genomes [54–58]. A BLAST search with the

insertion sequence turned up no significant matches on

combined databases. The insert contains two small ORFs

(<50 codons) extending from nt 50505 fi 50687 and nt

50971 ‹ 51126 in the PlxyMNPV sequence. BLAST

queries with these ORFs failed to detect significant

sequence similarity with other sequences.

The 817 bp sequence was located between the fp25k ORF

and the two TAAG sequences to which initiation of fp25k

plxy146 1 MSRQLNASSGSASSNRRNNLSL.RRRIDFSASPSTAADGSRAVFRYRRPSE..............AAQRYWEANRNNSNSGNSSSSVGNVGEVDN.....
ac151   1 MSRQINAATPSSS..RRHRLSLSRRRINFTTSPEAQPSSSSRSQPSSSSRS................HRRQERRQEQRVSEENVQIIGNVNEPLTRT...
ro143   1 MSRQINAATPSSS..RHHRLSLSRRRINFTTPSEAQPSSSSRSQTSSSSRS................HRRQERRQEQRVSEENVQIIGNVNEPLTRS...
bm127   1 MSRQINAVTPSSSS.RRHRLSLSRRRINFTTSPEALPSSSSRSQPSSSSRSQPYSSSRSQPYSSSRRRRRQERSQEQRVSEDNVQIIGNANEPLTRT...
hycu6   1 MSRINNADTPTN....RRNLSLARGRRRLTYSPSTPMPTPRQTRAPMPTPR.................QRRSLTPEHVVGDRNAPLRAS...........
op151   1 MSRSNNANAPTPSN.RRRNLSLVRGRR.LTYSPPD...AASAQRASPPRSA.................PRAAPRRVHAVGDPGAPLRAS...........
eppo131 1 MSRQMNVNTPVR...RRRHTSNIRGRR.LS..........FSSSPDNTTPV.................QRRS...PGYSPAEPAP...............
cf142   1 MSRQINANTPVS...RRRS..GLRGRR.LS..........YSPEDAVPTPA.................PRFSILEARRAADRPAEERMRAWHVIGDTSEP
cfdef143 1 MSRQINANSSTP...RHRVSGGALSRR.SSGAARR.....LSYSPEDETVP.................LRRSDPAPRRPAPLPAPRRN............

plxy146 81 .....DIVDIVDLVSASQETSAERSLPTRANS..................PDLFSD..D.DLPSTQLIPSASLQSTQLIP............SASLQSTQ
ac151  80 ....YHRQGVTYYVHGQVNISNDDPLLSQEDDVILINSENVDRERFPDITAQQYQDNIASETAAQRALQRGLDLEAQLMN............EIAPRSPT
ro143  80 ....YHRQGVTYNVHGEVNISNADPLLSQEDDVILINSENVDRERFPDISSQQYQNNIASETAAQRALQRALDLEAQLMN............EIAPRSPV
bm127  97 ....YHSQGVTYHVHGQVNISNDDPLLSQEDD..TIES..VDR......ASQQYQNSIASETAAQRALQRGLDLESQLMS............EISPRSPA
hycu6  69 ....YTINNSRYNVHGDAEFNPPEDDDDSIIFT...........................DHAAEQARQRAVNLHESL..............TTTPRSPD
op151  68 ....YALPNGVYNLHGDAHFNPPEEDDD.ILFV...........................DTAAEQARQRAVNLHEAVNRHERLRRELGERMTRSPTLLN
eppo131 52 ........................VYPMPAPRR...........................SSTQD......LIITDNNDN.................TIN
cf142  68 VTLRFVHNNAQYTVHGNAPFNTADFQEERDSQE...........................TEAANRAHQRAVHLHEHLHEVQ..........ETAAPLPN
cfdef143 63 ..........RSPVRHPARFPTQRSAPSPAPRS...........................SQPGDQAHQRALRLHENIQDEE..........IQPYRSPD

plxy146 143 LSTNNNED..........DNDD.....................LPLAQFTP.....VDEMEEANEEAEEEIEHELTCNICFTTYKDIKNISSSFVTTSRC
ac151 164 YSPSYSPN......YVIPQSPD.....................LFASPQSPQ......PQQQQQQQSEPEEEVEVSCNICFTTFKDTKNVNSSFVTSIHC
ro143 164 YSPSYAPNSP...NYVIPQSPD.....................LFASPQSS..........EQQQQSEPEEDVEVSCNICFTTFKDTKNVNSSFVTTTHC
bm127 171 YSPPYPSN......DVLSQSPD.....................LFDSPQSPQQHELELEDEDEEEEEEEGEEVEVSCNICFTTLKDTKNVDSSFVTSIDC
hycu6 124 YSPVHSPSG......QVIDSDDYN............SDDDERMLEQILLES.....AEPPQTPQPAPEPQEDVEVLCHICSCTFTDIKNYNSNFVTSSEC
op151 136 YSPSYSPTSPRSRSPDLIMPEDLQPAREQPLAPFNDSDDDERLLEQVMLES.....AEAPQLPQAPPAPQVDVSVLCHICSCTFTDIQNYNSNFVTSTEC
eppo131 78 YSPVHSPDF......VVLD............................EFE..........DEPQEAPAVEVDMAVFCHICSWTFGDTENRNSSFVTSSEC
cf142 131 YSPVHSPDL......TVMEDLETP.................RQRFETMFHA.....VDAESEDEAVPLPQVDMAVFCHICSCFFTDIKNYNSSFVTTSEC
cfdef143 116 YSPVRSLEP......FIIDSDD.........................EYEP.....VYDSDVETQEVLPEIEVTLMCNICSCTFTDLENRTSSFVTSTEC

plxy146 208 NHAVCFKCYIRIYTDKLEYTC.FCSVTTANCRMYSKSGYVEFMPAVVKRDRRVMASHWENLLNNNTVNNDSNDEN.....VVAKLQQELAELRAKNSLNE
ac151 232 NHAVCFKCYVKIIMDNSVYKC.FCSATSSDCRVYNKHGYVEFMPINVTRNQDSIKQHWRELLENNTVNNHTTDLN.....YVEQLQKELSELRAKTSQVE
ro143 231 NHAVCFKCYVKIIMANSVYKC.FCSATSSNCRVYNKHGYVEFMPIDVTRNQDSIKQHWRELLENNTVNNQTTDLN.....YVEQLQKELAELRAKTCQVE
bm127 245 NHAVCFKCYVRIIMDNSTYKC.FCSASSSDFRVYNKHGYVEFMPLTLIRNRDSIKQHWRELLENNTVNNRIIDLN.....DVERLERERSELRAKNSQVE
hycu6 202 NHAVCFKCYVSIVFNKEAYKCSICNRTTLTCRAYNRAGYVELSTVRTVRDNKLIKQHWMQLTESNMPHNRDKTI.......IEELQLELADLRATTARAH
op151 232 NHAVCFKCYVSIVFGKESYKCSICNRTTISCRAYNRDGYVELSTMSTVRDSQAIKRHWAQLSDSNMPHSNEMTT.......IQELQAELAELRAATARAH
eppo131 135 NHAVCFKCYTNIIFDKSMYKCSICNRTTPVCRVYNHRGFVHLKAVETVRDTQAIKTHWDQLRENNMDASTINIQNLQAELKVLKLEAELAKLRASTTRAQ
cf142 204 NHAVCFKCYTSIMFDKELFKCSMCNRATPTCRVYNHKGFVELLPTRAVRDKQAIKTHWAQLLDNNMSDSKVPEQN.....DVQKLQAELAELRAEMASMR
cfdef143 181 DHTVCIKCYLKIIFVKNSYTCSICKKETDRCRMYTEKGIQELKAVNAQSDKEAIKKHWGFLRKDNMPDKNIELN......TIQKLQAELVQLRAETTRAQ

plxy146 301 HKMTMLQGEHTLLQQQHIVTQTELTKAKSDLEICVN............................................KSK............DQQVL
ac151 325 HKMTMLNSDYIMLKHKHAVAELDLQKANYDLQESTK............................................KSE............ELQST
ro143 323 HKMTMLNSDYIMLKHKHAVAELDLQKANYDLQESTK............................................KSE............ELQST
bm127 338 HKMTMLNCDYAMLKHEHKITELKLKWANRDLEEFTK............................................KTQ............ELQST
hycu6 294 HEVNMIKSDNLLLQQQVDFKNLELQQELNAKVKLQ..............................KQN..............D............TLSAA
op151 324 HDVNMARSDSQLLRQQLDVKEAELAHESNARLKLQ..............................KQN..............E............TLSAN
eppo131 234 HEINMVKSDNQLLKQHLEIKSFELKQECIT.................................SEN..............................WRKQ
cf142 298 AEMASKQLG........ATMALENRRGSSS.....................................................................S
cfdef143 274 HDVNMIKSDNQMLKQQLEFKDLELHREYEKRLKLQDDLNSITTDHQMITTSNQTLKQQLESRESDNQTLKEQLRLKDFELKRESQNVLKLQEENNTFNGA

plxy146 345 INNMQMQLSNQVSESQAQFLKFKQNYTMLTNKLCKLISENKTNE
ac151 369 VNNLQEQLRKQVAESQAKFSEFERSNSDLVSKLQTVMSRR....
ro143 368 VNNLQEQLNKQVVESQAKFLEFERNNSDLVSKLQTVMSRR....
bm127 382 VNDLQEQLRKQVAESQAKFSQFERRNSELVAELYTIEMSKP...
hycu6 338 NTFLQNQLDAQVAESKIKMDQFVRQHEAFLKKFKSSVM......
op151 368 NLSLQHQLNTQVIESRVKMEQFKRQHDEFMEKFKLSLS......
eppo131 271 TNDLQTQLDEQVADTKLKMEKFAQSHSYFMEKCTAFTSNTN...
cf142 321 GASSSSTSTSSSSSSSWLWECLLNTRNY................
cfdef143 374 TKNLQSQLNAQIAETKLKMEMFAQQHNILMEKFKSSL.......

Ser-rich

Pro/Gln-rich

Pro/Gln-rich Acidic domain RING Finger

RING Finger Coiled-coil-II

Coiled-coil-II

Coiled-coil-II

A

B  eppo131

 cfdef143

 cf142

 hycu6

 op151

 plxy146

 ro143

 ac151

 bm12776

99

100/100

98/99

68

91

0.2 substitutions/site

Fig. 2 (A) CLUSTAL-W

alignment of IE-2 amino acid

sequences. Identical residues

occupying >50% of aligned

positions are shaded in black,

and residues similar to

conserved residues or to each

other are shaded in gray. Lines

above the aligned sequences

indicate the locations of

different functional motifs. The

acidic domain required for

transcriptional activation is

indicated with a thick line. (B)
Phylogenetic analysis of IE-2

amino acid sequences. The

figure contains a consensus ME

phylogram inferred from the

alignment in Fig. 2A with

bootstrap values >50% shown at

interior branches for ME and

MP analysis (ME/MP) where

they occur. The IE-2 sequences

used derive from AcMNPV-C6

(ac151), Bombyx mori (Bm)

NPV-T3 (bm127), Rachiplusia
ou (Ro) MNPV-R1 (ro143),

Orgyia pseudotsugata (Op)

MNPV (op151), Epiphyas
postvittana (Eppo) MNPV

(eppo131), Hyphantria cunea
(Hycu) NPV (hycu6; accession

no. YP_473194), Choristoneura
fumiferana (Cf) MNPV (cf142)

[22], and Choristoneura
fumiferana defective (CfDEF)

NPV (cfdef143) [23]
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transcription has been mapped in AcMNPV-E2 [59]. ATG

codons occurred in the insert sequence upstream of, and

in-frame with, the fp25k and lef-9 ORFs (Fig. 4). As a result,

these ORFs had an additional 14 and 22 N-terminal codons,

respectively (Table 1). Three (A/T)TAAG late promoter

motifs were located within the insertion sequence (IS)

upstream of the extended fp25k ORF. Two CA(G/T)T ini-

tiator site and TATA box combinations were located in the

insertion sequence upstream of the lef-9 ORF.

Mutations in the fp25k gene cause a mutant phenotype,

known as the few polyhedra (FP) phenotype. FP mutants

bearing fp25kmutations produce fewer polyhedra and more

BV than wild-type virus in tissue culture, and the viral

occlusions produced by FP mutants contain few or no virions

[56, 59–64]. Although the 817 bp insertion did not disrupt

the PlxyMNPV-CL3 fp25k ORF, its presence in the promoter

region of this gene may reduce or eliminate fp25k expression.

To determine if PlxyMNPV-CL3 exhibits any of the

characteristics of the FP phenotype, Sf9 cells were infected

with PlxyMNPV-CL3 and AcMNPV-C6 and BV and

polyhedra production by the two viruses were quantified.

PlxyMNPV-CL3 produced significantly more BV than

AcMNPV-C6 at every time point measured, with the dif-

ference ranging from 2.6- to 4.3-fold (Fig. 5A). This result

is consistent with the level of increase in BV production

observed with AcMNPV FP mutants [60]. AcMNPV-C6

also produced approximately 2.1-fold more polyhedra than

PlxyMNPV-CL3 in Sf9 cells (Fig. 5B).

Fig. 3 Needleman and Wunsch

(GAP) alignment of the ie-2
regions of PlxyMNPV-CL3 (nt

131100 – 132799) and

AcMNPV-C6 (130558 –

132277). The orientation of the

ie-2 ORFs is from right to left.

The locations of TATA boxes

and initiator sites (underlined),

initiation codons (bold), and

stop codons (bold italics) are

indicated by boxes
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FP occlusions possess either no infectivity or drasti-

cally reduced infectivity towards larvae in bioassays

[65–69]. Although FP mutants enjoy a selective advan-

tage in cell culture due to their enhanced BV production,

they are expected to be absent or maintained at low

levels in virus isolates passaged by oral infection of

larvae due to their impaired per os infectivity. However,

Bull and co-workers [70] found that an AcMNPV FP

mutant could maintain itself as a stable proportion of an

NPV population after serial per os passages of an initial

1:1 mixture of wild-type: FP mutant virus through T. ni

larvae. To determine if genotypes carrying the 817 bp

insert were also present in preparations of PlxyMNPV-

CL3 maintained in larvae, PCR amplification of the

insert was carried out with PlxyMNPV-CL3 DNA puri-

fied from BV produced in IPLB-HvE6s cells and from

two polyhedra stocks prepared from either Spodoptera

exigua or P. xylostella larvae. The polyhedra stocks used

in this experiment had been maintained exclusively by

alternate passages in S. exigua and P. xylostella larvae

[10]. Primers were designed which anneal to regions

flanking the IS (PX77, PX79) and within the IS itself in

either orientation (PX78, IS3; Fig. 6). Control reactions

were carried out with primers (PX70 + PX71) that

amplify a region encompassing parts of the dnahel and

plxy95 ORFs.

PCRs produced amplimers of the expected size for all

templates. PCRs with primers but no template and template

but no primers did not yield a product (Fig. 6). Amplimers

for all templates were gel-purified and sequenced. The

PX77 + PX78 and PX79 + IS3 amplimers from all three

templates corresponded to the expected region of fp25k or

lef-9 and the IS, confirming the presence of the insertion

sequence in larvae-derived stocks of PlxyMNPV-CL3.

PCRs with primers flanking the IS also produced smaller,

secondary amplimers of a size consistent with the absence

of the 817 bp insert with both tissue culture-derived and

larvae-derived templates (data not shown). Gel purification

and sequencing of these secondary products confirmed that

they consisted of the fp25k and lef-9 5¢ ends and the

intergenic space between the two ORFs, but did not contain

the IS. These results indicated that tissue culture- and

larvae-derived PlxyMNPV-CL3 preparations contained

genotypes in which the 817 bp insert sequence was either

absent or present. A genotype missing the 817 bp insert

was not detected in the final assembled contig of the gen-

ome, as the eight shotgun clones originating from this

region all contained some or all of the 817 bp insert.

Fig. 4 Nucleotide sequence of an insertion in the promoter region of

PlxyMNPV-CL3 fp25k. The insertion is denoted by a red bar

underneath its sequence. Amino acid sequences for two small ORFs

in the insertion (is-1 and is-2) are shown underneath the ORFs. In

addition, translation of the N-terminal portions of lef-9 and fp25k are

indicated, beginning at the in-frame ATGs present in the IS. The

native initiation codons for these genes are indicated by boxes. Late

promoter motifs (A/TTAAG) in the IS from which fp25k transcription

potentially could initiate are indicated by arrows over the motifs.

Paired TATA boxes and initiator sites (CAG/TT) in the insertion

sequence that potentially could direct transcription of lef-9 are

indicated by black lines over the motifs
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Discussion

Baculovirus genomes have clearly evolved by gene

acquisition and loss [71]. Recombination between bacul-

oviruses may also shape baculovirus genome evolution. An

analysis by Jehle [72] found that AcMNPV likely acquired

a portion of its polyhedrin gene by recombination with

another NPV. The sequence of the PlxyMNPV-CL3 gen-

ome contains a striking instance of allelic replacement of a

currently existing gene - ie-2 - with a homologue from

another divergent virus.

The AcMNPV ie-2 gene stimulates optimal levels of

baculovirus late promoter activation and hr-mediated

plasmid DNA replication or stability in transient assays

carried out in S. frugiperda Sf21 cells, but not in T. ni

TN368 cells [73]. In addition, BmNPV ie-2 was unable to

substitute for AcMNPV ie-2 in transient expression assays

[74]. These results point to the prospect that the highly

divergent ie-2 gene carried by PlxyMNPV-CL3 may

account for the differences in activity of PlxyMNPV and

AcMNPV against P. xylostella larvae. However, AcMNPV

mutants with deletions in the ie-2 ORF killed S. frugiperda

larvae with LD50 values equivalent to wild-type AcMNPV

[75]. This result suggests, in contrast to the results of

transient assays, that ie-2 is not required for optimal rep-

lication in S. frugiperda. The role of ie-2 in the virulence of

PlxyMNPV-CL3 towards P. xylostella remains to be

determined experimentally.

The region adjacent to hr3 also was found to be a point

of divergence between PlxyMNPV-CL3 and AcMNPV-C6.

In the PlxyMNPV-CL3 genome, this region is marked by a

deletion of the AcMNPV ac86 ORF. In addition, three

PlxyMNPV ORFs in this region (plxy84, plxy85, and

plxy90) exhibited a relatively low degree of sequence

conservation with homologous ORFs in AcMNPV.

Sequence divergence in this area may contribute to the

differences in the virulence of AcMNPV and related

viruses towards different host species.

Another noteworthy difference between PlxyMNPV-

CL3 and AcMNPV-C6 is the presence of an 817 bp

sequence located between fp25k and lef-9. The location of

this insert and the increased BV titers and reduced poly-

hedra production by PlxyMNPV-CL3 (Fig. 6) suggest that

this insert resulted in an FP mutant phenotype. The CL3

clone was obtained from virus in infected P. xylostella

hemolymph that had been passed through a P. xylostella

IS
fp25k lef-9

PX77

PX78

PX79

IS3

TC PX SE  N   TC PX SE N    TC PX SE  N   TC PX SE
PX77 + PX78 PX79 + IS3 PX70 + PX71 no primers

2000

700

1000

1500

500

400

Markers, bp

Primer pair Size of amplimer
PX77 + PX78 597 bp
PX79 + IS3 509 bp
PX70 + PX71 1475 bp

Fig. 6 PCR detection of the 817 bp IS in preparations of

PlxyMNPV-CL3 DNA. Templates consisted of PlxyMNPV DNA

from BV produced in tissue culture (TC), and from occluded virus

(OV) harvested from P. xylostella (PX) and S. exigua (SE). For each

primer pair, control reactions with no template (N) were run. The

orientations and approximate positions of primers with respect to the

IS are indicated by arrowheads. Control primers PX70 and PX71

anneal to a different region of the PlxyMNPV genome. The predicted

sizes of amplimers generated by each primer pair are shown, as are

the sizes of molecular weight markers
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Fig. 5 (A) Budded virus produced by Sf9 cells infected with

AcMNPV-C6 (s) and PlxyMNPV-CL3 (d), displayed as average

plaque-forming units (pfu)/ml of three replicate samples/time point.

(B) Polyhedra produced by Sf9 cells infected with AcMNPV-C6 and

PlxyMNPV-CL3. Average polyhedra from three replicate infections/

virus are shown. For both (A) and (B), error bars represent one SD
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cell line and subsequently plaque-purified on an H. vires-

cens cell line [9], and the insert may have originated from

cellular DNA from one of those cell lines. Kariuki and

McIntosh (2000 [11]) reported that PlxyMNPV-CL3 pro-

duces approximately twice as much TCID50/ml and half as

much polyhedra/cell as AcMNPV during infection of Sf21

cells. However, these authors found that PlxyMNPV-CL3

polyhedra contain virions and are infectious towards larvae

[9]. Both tissue culture-derived and polyhedra-derived

genomes carry the 817 bp insert, and it is possible that

tissue culture passage of PlyxMNPV-CL3 has increased the

proportion of genomes carrying this insert. If the 817 bp

insert is causing an FP phenotype, the increased BV pro-

duction of a genotype carrying this insert may enable it to

persist in NPV populations arising from oral infection. The

increased quantity of BV produced during infection may

offer a selective advantage, such as a more rapid infection

and inactivation of host hemocytes that contribute to the

melanotic encapsulation of infected tissues [76].

The comparative analysis of genomic sequences from

closely related viruses could provide insight into how

baculoviruses adapt to new host species and overcome the

defenses of current host species. Analysis of the PlxyMNPV-

CL3 sequence has revealed some striking differences with

other group I NPV genomes. Besides gene insertion, deletion

and truncation, the differences in promoter motifs between

PlxyMNPV-CL3 and AcMNPV, as well as point mutations

in unidentified virulence determinants, may also contribute

to the enhanced virulence of PlxyMNPV to the diamondback

moth. This study will serve to guide future efforts to ascertain

the molecular basis of differences in species-specific viru-

lence among these viruses.
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